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Silicon nanoparticles have been synthesised using mechanochemical ball milling and an inert 
salt buffer to limit the growth and control the size of the Si particles produced. The solid-liquid 
metathesis reaction used silicon tetrachloride and lithium with LiCl as the buffer to generate Si 
nanoparticles. Once the LiCl was removed, X-ray amorphous Si was identified using electron 
energy loss spectra, at 99 eV and energy filtered transmission electron microscopy. The 
morphological analysis showed spherical like particles with an average size between 10 – 30 nm 
depending on the amount of salt buffer phase added to the reactants. This synthesis method can 




Nano dimensional silicon including nanoparticles, nanowires 
and thin films, have widespread application including the 
internet and multimedia communication optoelectronic devices, 
integrated circuits, solar cells, medicine and more recently, 
hydrogen storage. A major advantage to nanosizing Si comes 
from its use as a semiconductor material. Nanoscopic Si 
experiences quantum confinement effects1, 2, leading to 
excellent optical and electronic properties. With respect to 
hydrogen storage, silicon reduces the thermodynamic stability 
of metal hydrides3, 4 through the formation of intermetallic 
metal-silicon alloys upon hydrogen release. Vajo et. al.3 
pioneered this field of research using Si to destabilise 
magnesium hydride (Eqn. 1). Calculations have shown that the 
Mg-Si-H system has ideal theoretical operating conditions, 
namely, hydrogen equilibrium pressures of 1 bar at 20 C and 
100 bar at 150 C with only a minor reduction to hydrogen 
storage capacity of pure MgH2 from 7.6 wt% to 5 wt%. The 
Mg-Si-H system has a reduced enthalpy of dehydrogenation 
from 75.3 kJ mol-1, for pure MgH2, to 36.4 kJ mol
-1 3. Despite 
these promising theoretical properties, the conditions have not 
yet been achieved experimentally due to extremely slow 
reaction kinetics. 
Eqn. 1                     
Several attempts have been made in the past to overcome the 
reaction kinetic limitations in the Mg-Si-H system including 
reducing diffusion distances by using smaller particle sizes and 
introducing defects3, 5. Bystrzycki et. al.6 showed that a 
reduction of diffusion distances and an increase in surface area 
using nanoscale materials significantly influenced reaction 
rates. Bystrzycki et. al.6 ball-milled a stoichiometric mixture of 
MgH2-Si to achieve a reduction in crystallite size to less than 
40 nm for both reactants with a mean particle size of 0.5 µm. 
Diffusion of Si at low temperatures is expected to be very slow 
and will inevitably control the reaction between MgH2 and Si. 
Bystrzycki et. al.6 proved there was no significant desorption 
below 200°C and only a release of 3.4 wt% after 3 hours at 
250°C. Similarly, another study that ball-milled these two 
components showed only 0.03% hydrogen release at 150°C 
over a 24 hour period with the majority of the hydrogen 
desorbing at temperatures between 250 and 300°C5. These 
studies indicate that a reduction in crystallite size to the 
nanoscale level is not enough to overcome reaction kinetic 
barriers. Particle size has a dominant influence on the reaction 
kinetics6, 7, therefore, the focus of this current study is to 
synthesise extremely small Si particles (~ 10 nm) to enhance 
the diffusion rate of Mg bonding with Si to form Mg2Si and 
release H2. 
A promising nanoparticle synthesis technique currently being 
used for hydrogen storage materials is mechanochemical 
milling8, 9. This technique is a high energy, batch process that 
uses a mechanically assisted chemical reaction. An example of 
large scale synthesis of Si nanoparticles was investigated by 
Lam et. al.10. The thermodynamics combined with slow 
reaction kinetics is a problem for this method of Si synthesis as 
it took an impractical length of time to complete, 7 to 10 days. 
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An alternative method for nanoparticle production is 
mechanochemical ball-milling within a soluble salt matrix11. 
This method allows for the control of particle size formation by 
adjusting the amount of salt added to the initial reactants. The 
objective is to balance the amount of salt added in order to 
complete the reaction as well as obtain the smallest particle 
sizes. 
The hypothesis of improved reaction kinetics through small 
particles size is explored in this study by synthesising Si 
nanoparticles via solid-liquid mechanochemical ball-milling. 
2. Experimental 
Due to the air and moisture sensitivity of the chemicals, all 
sample handling was undertaken in an argon glovebox. The 
automatic gas purifier unit maintained low oxygen (O2 < 1 
ppm) and moisture (H2O < 1 ppm) levels to avoid sample 
contamination and limit any reactions with either O2 or H2O. 
Materials were synthesized using a 316 stainless steel (SS 316) 
custom made ball milling canister12 (internal chamber volume 
of 650 cm3) set onto a Glen Mills Turbula T2C Shaker-Mixer. 
Equal numbers of 7.9 mm and 12.7 mm diameter SS 316 balls 
were used to obtain the correct ball to powder ratio. All milling 
was done in argon atmosphere at room temperature at a rotation 
speed of 160 rpm. Initially, stoichiometric ratios of SiCl4 
(Sigma Aldrich, 99.998 %) and Li (Sigma Aldrich, 99.9 %) 
were ball milled with a ball to powder (BTP) ratio of 90:1 over 
a 24 h period without adding any LiCl as a buffer agent to the 
reactants. Another sample was also prepared using LiCl (Sigma 
Aldrich, > 99 %) as a buffer agent to control the size of Si 
during its formation. LiCl was added to the reaction with a LiCl 
to Si ratio of 10:1 based on the final product of Si volumes. Pre-
milling the solid reagents (Li with LiCl) before the reduction 
reaction is undertaken aids in the production of smaller 
particles during mechanochemical ball milling13. Therefore, the 
sample that contained the LiCl buffer had a stoichiometric 
amount of SiCl4 added to the powders after 3 h pre-milling 
before milling for a further 24 h.  
The brown Si particles were separated from the LiCl by solvent 
extraction using tetrahydrofuran (THF, Anhydrous 99.9 with 
250 ppm BHT inhibitor, Sigma Aldrich)14. This solvent was 
chosen to ‘wash’ the LiCl from the Si nanoparticles as it was 
able to dissolve the LiCl whilst remaining relatively inert to the 
silicon nanoparticles. The washed (3 times) particles were 
placed on a single silicon crystal low background dome holder 
for XRD analysis. 
X-ray diffraction (XRD) data was taken using a Bruker D8 
Advance (Germany, CuK,  = 1.5418 Å) X-ray diffractometer 
in a Bruker supplied airtight, specimen dome holder to avoid 
exposure to air and moisture. A JEOL 3000F transmission 
electron microscope (TEM) with a field emission gun (FEG) at 
300 keV was used for TEM measurements including electron 
energy loss spectra (EELS) and energy filtered TEM. Samples 
for TEM were prepared by suspending the Si nanoparticles in 
toluene (anhydrous 99.8 %, Sigma-Aldrich) in a sealed vial and 
ultrasonicating in a water bath for 30 minutes. This solution 
was added dropwise to a 200 mesh copper grid with holey 
carbon film. The TEM grids and were exposed to air for a few 
minutes when loading into the instrument. A Zeiss Neon 40EsB 
was used for high resolution Scanning Electron Microscopy 
(SEM). SEM sample preparation was similar to that of the 
TEM however aluminium stubs were used rather than a copper 
grid. Small Angle X-ray Scattering (SAXS) was performed on a 
laboratory Bruker NanoSTAR SAXS instrument (Germany). 
Borosilicate capillaries (Charles Supper, Germany) were loaded 
in an Ar atmosphere and sealed to prevent O2 or H2O 
contamination. A 65 cm sample-detector distance was used 
with a copper anode X-ray tube ( = 1.5418 Å) and data was 
collected for 3 h. The usable q-range was 0.014 to 3 Å-1. SAXS 
data was adjusted onto absolute scale using the calibration 
standard S-2907 provided by the Oak Ridge National 
Laboratory.15 
3. Results and Discussion 
Nanoparticle synthesis was undertaken using mechanochemical 
ball milling in this study because of its versatility and ability to 
form small nanoparticles8. A liquid-solid reaction pathway was 
utilised for the synthesis of silicon nanoparticles via 
mechanochemical ball milling (Eqn. 2). Thermodynamic 
feasibility was determined using HSC Chemistry (Outotech 
Research). It was found that the reaction was 
thermodynamically favourable based on the large negative 
value for the Gibbs free energy value (rG298K = − 910 kJ mol
-
1). Inert LiCl, added to the starting reagents, was used as a 
buffer phase to limit the growth of Si particles as they form, 
thus controlling their size. 
Eqn. 2                           
X-ray diffraction data from the as-synthesised samples with and 
without buffer are shown in Fig. 1 (A) (i) and (iii). The 
reactions go to completion with no reactants present in the 
diffractograms. After washing, XRD no longer detected any 
LiCl in the samples with and without buffer (Fig. 1 (A) (iv) and 
(ii)) indicating that washing was successful. Also, XRD did not 
show any trace of residual reactants after washing. In fact, there 
was no evidence of crystalline Si in the diffractograms either 
(Fig. 1 (A) (ii) and (iv)) indicating that the product was X-ray 
amorphous. 
The production of amorphous Si as a brown powder16 is also an 
indication of the lack of crystalline structure, as crystalline Si 
has a metallic luster and is greyish in colour.16 Amorphous 
silicon typically presents broad halos centered at 28 and 50 
2 in an XRD pattern17. XRD analysis in a PMMA air-tight 
dome prevented the detection of these halos so instead 300 nm 
crystalline aluminium foil was used to cover and protect the 
sample during XRD analysis. 
Fig. 1 (B) shows the XRD pattern of Si (synthesised without 
buffer) covered by Al foil and also the blank Al foil pattern. It 
should also be noted that Fig. 1 (B) (i) shows a peak at 32° 2θ 
that can be attributed to a LiCl·H2O complex. LiCl is extremely 
hygroscopic and any trace amounts of LiCl remaining from the  
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Fig. 1: (A) XRD diffractograms with PMMA amorphous hump at 20° 2θ (i) 24 h 
reaction time, 90:1 BTP ratio no buffer (ii) Sample (i) washed with THF (iii) 24 h 
reaction time, 90:1 BTP ratio with 10:1 buffer to product (Si) ratio (iv) Sample (iii) 
washed with THF. (B) XRD of (i) Washed Si nanoparticles with Al foil barrier (ii) Al 
foil barrier, no sample.  
initial reaction react with H2O in air that can slowly permeate 
through the very thin Al foil. Trace amounts of the milling 
media, stainless steel 316 (SS 316) were also detected. 
The XRD data of the washed sample under foil clearly shows 
two amorphous halos, one centred around 28 and the other at 
50 2, in agreement with the positions for amorphous Si 17. 
Therefore, it can be concluded that amorphous Si particles were 
synthesised using mechanochemical ball milling. The formation 
of an amorphous material is not uncommon during 
mechanochemical ball milling and has been shown in a number 
of studies synthesising different products17-19. Amorphicity can 
occur as a result of particles being strained to a critical stress 
level (i.e. during milling) where the crystal structure is 
deformed and there is no longer any long-range crystalline 
order. 
In an attempt to crystallize the particles synthesised, two 
samples were heated to 475°C for 18 h, one sample in the LiCl 
(that is prior to washing with THF) and the other after washing 
with THF. According to Poffo et. al.20 amorphous Si particles 
undergo crystallization at 451°C when heated at a rate of 10°C 
min-1. Another study showed that at a faster heating rate (40°C 
min-1), this crystallization transition was observed at 660°C.19 
However, in both studies, the existence of O2 contamination 
could not be completely ruled out and this was discussed in 
Poffo et. al.20 as the reason for the large discrepancy between 
the two values. It was assumed that there was little or no O2 
contamination in the synthesised particles for this study and this 
will be discussed further in in the results from the Electron 
Energy Loss Spectroscopy (EELS) data. The XRD showed that 
Si did not undergo crystallization at 475°C as there was still no 
evidence of crystalline Si. The sample cell was made from SS 
316 and has a temperature rating of 537°C (Swagelok, 
Australia) therefore higher annealing temperatures were not 
safely achievable. 
 
Fig.  2: Washed Si synthesised without buffer: (A) Si EELS spectrum of the 99 eV 
Si-L2, 3 edge (pure Si)
21. (B) TEM micrograph (C) Si EFTEM map. 
EELS was used to confirm the presence of the amorphous Si 
nanoparticles. Unlike XRD that relies on the diffraction of 
crystalline samples to produce a phase identifying pattern, 
EELS uses inelastic electron scattering to measure the energy 
loss from the electron beam after transmission through the 
sample. The energy loss information can identify elements 
present in the sample as well as give bonding information. 
When a spectrum is collected from the detector, K-, L- or M-
edges appear depending on which core electrons are present in 
the atom. Pure Si has a K-edge at 1839 eV and an L2,3-edge at 
99.2 eV21. Fig.  2 (A) shows the background subtracted EELS 
spectrum of the Si L2,3-edge from the washed sample 
(synthesised without buffer). When silicon is oxidised the L2,3-
edge typically moves to higher energy (~ 106 eV21). Therefore 
the energy of the Si L2,3-edge is characteristic of silicon metal, 
demonstrating the purity of the as-synthesised sample. 
In order to characterise the structure of the sample, a map of the 
elements was generated using Energy Filtered TEM (EFTEM). 
This method uses the energy loss information from EELS to 
produce an elemental image22. This is done by acquiring images 
at energy values immediately before and after the EELS edge, 
in this case 99 eV. The pre-edge data is used to fit and remove a 
background from the post-edge data, obtaining an image of the 
element distribution. Fig.  2 (B) shows the original TEM image 
of THF washed particles without buffer (from Eqn. 2) and the 
corresponding EFTEM image of Si (Fig.  2 (C)). The Si map 
correlates well with the TEM image suggesting that Si not SiO2 
was present. Combined with the XRD results this indicates that 
the mechanochemical synthesis method without buffer has 
formed nanoparticles (20 – 60 nm measured from Fig.  2 (B)) 
of amorphous Si metal. 
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Fig.  3: Micrographs from washed Si nanoparticles synthesised with LiCl buffer: 
(A) SEM (B) TEM.  
Morphological properties were analysed using images from 
both the TEM and SEM. Dispersing nanoparticles in a non-
polar organic medium, such as toluene, is a major challenge as  
the particles tend to easily aggregate23. Toluene, however, does 
not contain any oxygen that could react with the sample, and 
was therefore used as a dispersing medium. A SEM image and 
a TEM image of washed Si sample synthesised using LiCl 
buffer are given in Fig.  3 (A) and (B). The images of the 
washed samples clearly show a high level of agglomeration, 
however, on close inspection, individual particles appear to be 
roughly spherical in nature. 
It is difficult to gauge the size of the individual particles due to 
the high level of agglomeration, despite ultrasonication of the 
sample during preparation. However, there does appear to be a 
greater number of smaller Si particles in the sample prepared 
with buffer. 
SAXS was employed to provide a more statistically meaningful 
size analysis of the nanoparticles. SAXS was performed on 
both washed samples to measure particles size for reactions 
without and with LiCl buffer (Eqn. 2) (Fig.  4). The data were 
radially integrated, background subtracted and processed to an 
absolute scale. The Irena software package24 was used to model 
the particle size using a Unified Model approach. This model is 
described in detail in Beaucage25 and divides the data obtained 
from SAXS into a series of Guinier regions and higher-q power 
laws to describe the sample morphology. Using this model with 
the assumption of spherical particles, an average particle 
diameter of 51 nm was determined for the sample without 
buffer and 13 nm for the sample with buffer. It is possible that 
there are also larger Si particles outside of the q-range of the 
SAXS measurements (i.e. > 60 nm) and the buffered sample 
displays evidence for this in TEM and from the presence of a 
low-q power law from surface scattering of larger particles. 
4. Conclusion 
Amorphous Si nanoparticles with tunable particle size, 
controlled using an inert buffer, were synthesised using liquid-
solid mechanochemical synthesis for the first time. XRD was 
utilised to detect the presence of amorphous Si. SEM and TEM 
techniques, EELS and EFTEM, were used to map the 
morphology of the Si nanoparticles and suggest that the 
particles are roughly spherical with undetectable oxide levels. 
The Unified Fit modelling from SAXS data provides evidence 
for very small nanoparticles existing in large samples with sizes  
 
Fig.  4: Unified fit model to SAXS data from Si nanoparticles synthesised (A) 
without buffer (B) with buffer. 
of 51 nm for Si synthesised without additional buffer and 13 
nm for Si synthesised with buffer. Mechanochemical synthesis 
is an ideal technique to form small amorphous Si nanoparticles 
that have a range of technological applications. 
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